Abstract-A sensorized glove using low voltage Organic Field-Effect Transistors (OFETs) as strain sensors for evaluating finger and wrist movements is reported. A complete characterization of strain sensors is reported. Thanks to the properties of organic electronics in terms of lightness-in-weight, the platform represents a valuable system for non-invasive evaluation of hand motion in real time, thus being effective for different applications such as occupational health and rehabilitation medicine.
INTRODUCTION
The development of wearable healthcare monitoring platforms is one of the most investigated topics in bioelectronics [1] - [3] . Wearable platforms would allow users (both patients and medics) to access to several parameters related to health conditions [4] - [8] in an easy, low cost and possibly comfortable way. Peculiar properties such as portability, lightness-in-weight, conformability and noninvasive operation are of great importance in different field. For instance, a continuous monitoring of athletes' performances during activity is of great importance for sport medicine; monitoring joint movements after an injury is fundamental for setting up a proper rehabilitation protocol. Finally, the possibility of monitoring the workers' activity in real-time, without affecting his/her normal operation, would provide to medics a novel instrument to understand how the way a specific activity is carried out could contribute to the onset of a disease, and to permit proper corrections for preventing possible damages for the workers' health.
The shift in the diagnostic paradigm towards Point-of-Care (PoC) -possibly on-body -applications, is enabled by the continuous progresses in electronic technologies and material sciences. The peculiar properties of inorganic electronic devices allow a proper integration of complex circuitries into wearable devices, but are not suited for the development of light-weighted, flexible and low-cost sensors for continuous monitoring of biomedical signals on-body. On the contrary, organic electronics is a valuable technology in this sense.
Organic materials are flexible and can be processed with large area, low-cost techniques [9] - [12] . Organic Field-Effect Transistors (OFETs) are being investigated as sensing element in several kinds of applications [13] - [24] : they provide an intrinsic amplification of the transduced signals into electrical quantities (voltage/current variations) that can be easily acquired by elaboration units. The transduction of mechanical stimuli can be used, for instance, for monitoring the joint motion in patients and users: OFET-based sensors, fabricated on plastic substrates can be easily integrated into garments, thus being imperceptible for users and not affecting the way they move, i.e. without distorting data and bringing to wrong conclusions on the measurements.
In this paper, we report about the integration of lowvoltage, OFET-based strain sensors on a glove for monitoring hand movements. This platform is suited for the application in occupational health and rehabilitation medicine, allowing a non-invasive, accurate and real-time evaluation of the movement of the wrist of workers in assembly line. A complete characterization of the sensing element will be provided, including a calibration of the device response to different finger and wrist movements (flexion and extension).
II. MATERIALS AND METHODS
OFET-based strain sensors ( Fig. 1) were fabricated onto 175 µm-thick polyethylene terephthalate substrates (PET, Goodfellow). Substrates were cleaned by subsequently rinsing of acetone, isopropyl alcohol and deionized water. The chosen OFET structure is bottom-gate, bottom-contact: the gate of the transistor is obtained by photolithography of a thermallyevaporated aluminum layer. In order to obtain low-voltage operation of the devices, the ultra-thin, hybrid organicinorganic dielectric layer was employed. Devices were exposed for one hour to UV-produced ozone in ambient conditions to oxidize the aluminum film. A 100 nm-thick Parylene C layer was then deposited by Chemical Vapor Deposition (CVD) using a PDS2010 unit (Specialty Coating Systems). The obtained double layer has a capacitance per unit area of 18 nFcm-2. Interdigitated source and drain electrodes were patterned by photolithography of a thermally-evaporated gold layer. The geometry of the device (channel width and length) was adapted to fit the joint to be monitored. 6,13-Bis(triisopropylsilylethynyl)pentacene (TIPS pentacene, Sigma-Aldrich) was employed as semiconductor: a solution 1wt% of TIPS pentacene in anisole (Sigma-Aldrich) was dropcasted on the transistor, and dried in ambient conditions. Electrical characterization was carried out using a Keithley SourceMeter® 2614, controlled with custom MATLAB® scripts for acquisition of transistor characteristic curves and real-time monitoring of transistor output current at fixed gateto-source and drain-to-source voltages. 
A. Characterization of OFET-based strain sensors on the hand
After a complete electrical characterization of fabricated OFETs, the performance as strain sensors was considered.
As previously reported in literature [25] , [25] , OFET can be employed as strain sensor as the morphology of the semiconductor layer can be influenced by an applied strain.
The thin-film strain of a device with a thickness much smaller than those of the substrate (tsub) can be written as
where R is the value of the bending radius applied to the substrate. When a tensile strain is applied, the separation of crystalline domains in the organic semiconductor film is increased, and this brings to a decrease of the charge carrier mobility and, consequently, of the transistor's output current. When a compressive strain is applied, the distance between crystalline domains decreases, and this determines an increase of the mobility and so of the transistor's output current.
In order to act a strain sensor, devices have been at first embedded into a fabric strip, which afterwards have been sewn onto a standard glove in correspondence of the wrist and of the joint between the proximal and the middle phalanxes. Fig. 3 reports an example of characterization of the finger movements; the strip containing the device was in this case integrated in the form of a ring and positioned in correspondence of the joint. The finger was bent at different bending radii, evaluated by means of graduated cylinders. In the measurement setup, the transistor is subjected to a tensile strain, therefore a current reduction with the increase of the bending radii is expected: Fig. 3(a) shows that the device linearly responds to strain increase (i.e., bending radius decrease) with a current variation. Average values and error bars where evaluated on a set of 4 consecutive deformation at each bending radius. Real time monitoring of the finger motion (Fig. 3(b) ) allows evaluating the good reproducibility of the current variation at each different bending radius; here, such a variation is represented as the percentage current variation during the application of deformation (ID) with respect to the baseline current of the device while flat (ID0). The variation of the current baseline is related to a residual bias stress in the device.
To characterize the investigated wrist movements, namely flexion and extension, the angle determined by the arm and the hand (α) was measured and is indicated in the text as bending angle. Fig. 4 shows the typical characterization of a device response to wrist flexion (α > 0). In this experimental condition, the transistor is subjected to compressive surface strain, and this determines an increase of the output current due to an increase of the global charge carrier mobility.
In Fig. 4(b) , the average current variations (ΔIDS = IDS,f -IDS,i) occurred as an effect of the applied deformations is shown; as the transistor current during deformation (IDS,f) becomes more negative than the one recorded in flat conditions (IDS,i), in this case ΔIDS < 0. The device was biased with constant gate-to-source and drain-to-source voltages during the whole experiment, and kept in saturation regime (VGS = -1 V, VDS = -2 V). Different angle values, from 6° to 48°, were considered; for each given deformation, a significant current increase was obtained, which is well reproducible upon consecutive applications of the same deformation, as well represented by the almost negligible error bars. A good linearity of the response in a quite large range of deformation was also obtained. A sensitivity of about 18 nAdeg -1 was extrapolated by linear interpolation Fig. 5(a)-(b) shows the result of a device characterization when wrist extension was considered (α < 0); in this case, the transistor (mounted in the same position of previous experiment) is subjected to tensile surface strain. When a tensile strain is imposed, the distance between crystalline domains in the organic semiconductor increases, thus bringing to a decrease of the charge carrier mobility in the film and, consequently, to a reduction of the current, which becomes less negative. Therefore, in experiments reported in Fig. 3(e) -(f), ΔIDS>0 and ΔIDS/IDS<0. Similarly to what obtained for wrist flexion, the device was able to discriminate to different extent of wrist extension with well distinguishable current variations (Fig. 5(b) ), which resulted also well reproducible upon multiple consecutive deformation applied. A sensitivity of about 14nAdeg -1 was derived by linear fitting of this curve, which is similar to what obtained for wrist flexion. The difference in the two values can be ascribed to the fact that the effect of tensile and compressive strain in the mobility variation is different, i.e. the producing a mobility decrease is generally easier than determining a mobility increase.
IV. CONCLUSIONS
In this paper, we reported about the fabrication of a sensorized glove for the monitoring of hand movement (finger and wrist motion) to be employed in different biomedical applications, including rehabilitation and occupational health. A complete characterization of the OFET-based sensors was provided, demonstrating their capability to be reliably used for monitoring the hand movements. Their correct functionality when applied on the custom-made glove was verified: their capability of responding to different extent of joint deformations was demonstrated, as well as reproducibility of the current variation and a good linearity of the response. In particular, when considered as sensing element for wrist motion monitoring, a sensitivity of 14 nA·deg 
